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y of Ain
Universit
.2012.11.0Abstract This paper presents the results of a subsurface site investigation that was performed to
characterize different soil and rock formations along Sheikh Zayed canal with particular emphasis
on the swelling characteristics of the clays in that area. Site-speciﬁc empirical correlations were
developed to predict the clay swelling potential and pressure from simple and economic laboratory
test results. The data were input into a Geographic Information System (GIS) framework to pro-
vide interactive maps that show the spatial distribution of the variables and identify their charac-
teristics. These maps are then used to easily identify the values of swelling pressure/potential at
various locations. This research provides a tool that is based on simple index tests that can be used
to provide data that otherwise would require elaborate and costly investigations; the GIS frame-
work allows storing, retrieving and updating these data easily to assist taking supported decisions
dynamically.
 2012 Ain Shams University. Production and hosting by Elsevier B.V.
All rights reserved.1. Introduction
Expansive clay beds are widespread all over Egypt. They are
considered problematic soils due to their volumetric changes
upon moisture content ﬂuctuations [7,13,34,4,23,43]. The main
factors governing the swelling potential as well as the swelling311 21 50.
(M. Labib), nashedamani@
Shams University.
y. Production and hosting by Elsev
05pressure of expansive soil, are the mineralogical composition
and clay size fraction [30,29,32,18].
Direct and indirect techniques have been developed for bet-
ter classiﬁcation of the degree of volume change. The parame-
ters used to estimate the swelling potential and swelling
pressure include Atterberg limits, colloidal content and clay
activity [2].
The oedometer test is a successful tool to measure swell po-
tential and swell pressure [11,14,22]. Other methods that suc-
cessfully estimate the percent of swelling includes chemical
[12,6] and mineralogical analyses.
Due to the difﬁculty of extracting ‘‘undisturbed’’ soil speci-
mens for testing, great attention is given to empirical investiga-
tions of the swelling behavior of the natural soils that are based
on testing ‘‘disturbed samples’’ [9,17,33,20,37]. As a result ofier B.V. All rights reserved.
424 M. Labib, A. Nashedthese investigations, several empirical correlations have been
proposed [28] that relate the swelling behavior to certain physi-
cal properties of soils such as consistency limits and clay content;
all of which are easily obtained from testing disturbed samples.
These empirical equations are easy to apply and give satisfactory
results [15].
This research was thus put onto track, in order to develop
empirical relationships between swelling potential, swelling
pressure, plasticity index and clay content for clay from Toshka
region inUpper Egypt. The empirical relations are derived from
experimental investigations carried out on a large number of soil
samples representing a wide variation of clay contents and
consistency limits, from El-Sheikh Zayed canal. The steps of
the present investigation are presented in this paper.
The literature was ﬁrst reviewed to be aware of the available
formula in the ﬁeld of interest. A study area was chosen and
described. The study area was visited and ﬁeld measurements
so as sampling were undertaken. Laboratory examinations
were carried out in order to analyze the obtained samples.
Based on the examination results, empirical formulae were
established.
These empirical relations are used as a tool for identifying
the soil activity in the region and mapping the study area.
The large volume of data concerning the bore holes properties
needs to be stored, managed and visualized and this is best
done by a Geographic Information System (GIS) in an inte-
grated geographic framework.
Moreover, a customized GIS program can provide detailed
maps for the different variables used in deﬁning the swelling
pressure as well as any other parameters of choice.
A geo-database is designed to store the location, Atterberg
limits, soil formation, free swelling and the calculated swelling
pressure for each collected sample studied in this research. This
analysis approach was adopted recently to the soil in Harran
plain located in the South East of Turkey [40,41] where the
swelling behavior of clayey soils was studied by using Geo-
graphical Information System (GIS) including liquid limit
(LL) and plasticity index (PI) contour maps. Moreover, the
values of swelling percentages determined for soil located in
this area are used to obtain the swelling potential hazard
map by means of a customized GIS program. It is expected
that this map will be a useful tool for planners and engineers
in their efforts to achieve better land-use planning and decide
necessary remedial measures. Similarly, this research intro-
duces the most valuable property of GIS, ability to provide
an interactive map, to the Toshka region. This map can be
used in future work in the region and provide decision makers
with a reliable and convenient tool to evaluate the soil proper-
ties and help them take decisions on the feasibility of executing
new national projects in Toshka region, with due consideration
to the actual soil properties; this also applies to any future
modiﬁcations of existing structures or any possible future ﬁeld
variations.2. Literature review
The literature was reviewed in order to perceive an insight
about the available formulas that focused on predicting swell-
ing potential or swelling pressure. Moreover the literature re-
view demonstrated the capability of using GIS in addressing
geotechnical problems.From the reviewed literature it was found that:
Seed et al. [33], investigated, artiﬁcially prepared compacted
soils, (i.e. clay mineral) and obtained the following equation:
Sp ¼ KðA2:44ÞðC3:44Þ ð1Þ
where Sp is the swelling potential in percentage; C the clay con-
tent in percentage; A the activity of soil = Ip %/C % and K
the a constant for all types of clay minerals = 36 · 105.Seed
et al. [33] reported that plasticity index (Ip) is a suitable factor
for predicting swelling potential. The study carried out by Seed
et al. [33] gave reasonable results when compared with actual
soil conditions. One criticism to this method is that the volume
change was measured on samples prepared from commercial
grade clay minerals and may not accurately represent in situ
material behavior because of the variation in composition of
most soils. They gave the following relationship:
Sp ¼ ðKÞðMÞðI2:44p Þ ð2Þ
where M is the 60 for natural soils 100 for artiﬁcial soil and Ip
the plasticity index in.
Ranganatham and Satyanarayan [28] proposed the follow-
ing equation:
Sp ¼ m1ðSIÞ2:57 ð3Þ
where Sp is the swelling potential in percentage; m1 the
constant = 41.13 and SI the shrinkage index = (liquid limit
 plastic limit)/liquid limit.
Sowers and Kennedy [37] carried out swelling pressure tests
on undisturbed samples and gave the following relationship:
Log ðPÞ ¼ 2:132þ 0:208ðLLÞ þ 0:000665ðcdÞ
 0:0269ðwoÞ ð4Þ
where P is the swelling pressure in kg/cm2; LL the liquid limit
in percentage; cd the natural dry density in kg/cm
3 and wo the
natural water content in percentage.
Pidgeon [24] predicted the swelling pressure (P) and devel-
oped a correlation for swelling and swelling pressure as follows:
P ¼ 2:7 ð2:4eo=IpÞ ð5Þ
F ¼ 1:38P 1:8wo ð6Þ
LogP ¼ 3:45 63eo=Ip ð7Þ
where P is the swelling pressure of clay in kPa; F the free swell-
ing of the clay in percentage; eo the clay initial void ratio and Ip
the plasticity index.
Komornic and David [15] provided a statistical comparison
with measured data and provided a relationship for predicting
swelling pressure using liquid limit, natural dry density, and
natural moisture content as follows:
LogP¼2:132þ0:0208ðLLÞþ0:000665ðcdÞ0:0269ðwoÞ ð8Þ
where P is the swelling pressure of clay in kg/cm2 and cd the
natural density in kg/cm3.
Vijayvergiya and Ghazzaly [42] expressed the swelling
potential as follows:
LogP ¼ 1=12ð0:44LL wo  0:4Þ ð9Þ
The method is based on data collected from a wide variety
of samples and is very simple to use, this means that all that is
required is the natural water content and liquid limit. How-
ever, experience with regard to application of the method is
relatively limited.
GIS and geotechnical mapping of expansive soilin Toshka region 425Nayak and Christensen [21] conducted swelling potential
and swelling pressure tests on 18 soil specimens compacted
to a moisture content close to the optimum. The following
equations were obtained for all tested specimens.
P ¼ ð3:5817 102ÞðIpÞ1:12C2=w2o þ 3:7912 ð10Þ
Sp ¼ ð2:29 102ÞðIpÞ1:45C=wo þ 6:38 ð11Þ
where P is the swelling pressure in kg/cm2; C the clay content
in percentage and Sp the swelling potential in percentage.
Snethen and others [35] reported that the correlation be-
tween Nayak and Christensen results with measured odometer
data but the experience with the method outside the area of its
development is somehow limited.
Chen [3] developed an equation, which relates the swelling
potential of the soil to its plasticity index as:
Sp ¼ 0:2558ðEXPÞ0:8381Ip ð12Þ
where Sp is the swelling potential in percentage and Ip is the
plasticity index.
This method eliminates the need for hydrometer analyses
and provides some relative measures of soil properties. A cor-
relation was developed between the oedometer swelling data
and the percent passing the No. 200 sieve.
Abouleid and Reyad [1] found that it is more convenient to
correlate the expansive properties with the percentage of clay
particles ﬁner than 0.002 mm, liquid limit and ﬁeld penetration
resistance.Figure 1 Toshka pEl-Nahhas et al. [8] investigated the analytical prediction of
heave movements of swelling deposits comprising more than
one layer of expansive and non-expansive soil. The effects of
the magnitude of the active depth on the expected heave were
discussed.
Holtz [10] indicated that a good grade of high swelling com-
mercial bentonite will have a free swell value from 1200% to
2000%. Holtz suggested that soils having as low as 100%
can cause considerable damage to lightly loaded structures,
and soil having free swell below 50% seldom exhibit apprecia-
ble volume change even under very light load.
Turkoz and Tosun [40,41] used the methylene blue test to
predict the cation exchange capacity, swelling parameters
and swelling potential of expansive natural clay soil. The data
included in their study were index properties, clay size fraction
and methylene blue values.
The above methods, including direct and indirect tech-
niques, do not give an accurate assessment of the potential vol-
ume change. However, experience with local areas have
indicated reasonably good results using the above techniques.
The method that the authors used in this paper provides
prediction equations which were obtained from statistical com-
parison of measured properties. The method is based on data
collected from a wide variety of samples and is very simple to
use; all that is required is the plasticity index and clay fraction.
The collected data is stored in a geo-database and by using
the powerful tool of GIS, different maps were produced to clar-
ify the geotechnical properties of soil samples under study. Theroject location.
Table 1 physical and mechanical properties of swelling clay in
Toshka region.
Physical and mechanical properties Value ranges
From To
Particles less than 0.002 mm (clay fraction) % 18.51 85.81
Liquid limit (LL) % 44.70 104.50
Plastic limit (PL) % 11.40 35.33
Plasticity index (PI) % 24.30 82.98
Activity = PI %/clay fraction % 18.51 85.81
Free swelling (F) in % 30.00 250.00
Swelling pressure (Ps) kg/cm
2 3.00 22.6
Water content (Wc) % 5.40 6.40
Speciﬁc gravity (Gs) 2.58 2.65
426 M. Labib, A. NashedGIS is a versatile tool that enables the simultaneous consider-
ation of many factors and parameters through its full power
of managing spatial and attributes data in a comprehensive
database for subsequent manipulation and analysis. Pradhan
(2020) aimed in one of his study to evaluate the susceptibility
of landslides at Klang valley area, Malaysia, using Geographic
Information System (GIS) and remote sensing. Topographical
and geological data ad satellite images were collected, pro-
cessed, and constructed into a spatial database using GIS and
image processing. A data derived model (frequency ratio) and
a knowledge-derived model (fuzzy operator) were combined
for landslide susceptibility analysis. Another study of Pradhan
[26,27] focused on the use of frequency ratio, fuzzy logic and
multivariate regression models for landslide susceptibility map-
ping on Cameron catchment area, Malaysia, using GIS and im-
age processing tools for building the spatial database. Pradhan
and Youssef [25] presented landslide hazard analysis at Cam-
eron area,Malaysia, usingGIS and remote sensing. Topograph-
ical and geological data and satellite images were collected,
processed, and introduced in a tailored GIS. The factors chosenFigure 2 Geologic mthat inﬂuence landslide occurrence such as topographic slope,
topographic aspect, topographic curvature, and distance o river
were all from the topographic database; lithology and distance
to faults were taken from the geologic database. Landslideap of Toshka area.
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GIS and geotechnical mapping of expansive soilin Toshka region 427hazard area was analyzed and mapped using the landslide
occurrence factors by frequency ratio and bivariate logistic
regression models. Sun [38] presented a method for the assess-
ment of geotechnical characteristics related to earthquake mo-
tion in a small urban area using a GIS-based tool. Later, Sun
[39] applied a GIS-based geotechnical tool to assess spatial
earthquake hazards in an urban area. Chung [5] constructed a
GIS-based virtual geotechnical database for St. Louis metro
area. Rosen [31] offered decision makers a visualization of
cut-off wall construction data using a geotechnical based GIS.
In light of the above studies, it may be concluded that the
GIS is capable of assembling, storing, manipulating, editing,
analyzing and displaying geographically referenced informa-
tion [16].
3. Study area description
In order to undergo the present investigation, a study area was
chosen. This area was El-Sheikh Zayed Canal. The study area
(El-Sheikh Zayed Canal) lies in Toshka in upper Egypt. It con-
sists of the main canal and four branches. Branches 1, 2 and 4
were chosen to carry out the present investigation.
Fig. 1 shows the Toshka project location including Sheikh
Zayed Canal, Nasser Lake. The main pump stations, the
bridge, Toshka depression and the soil samples locations along.
Also Fig. 2 shows the geologic map of Toshka area. From the
geologic map, it was clear that sand dunes, Paleocene chales
and chalks and younger granitiodes are available in the study
area. The study area is dominated by a sedimentary succession
with exposures of igneous and metamorphic rocks
4. Field measurements and sampling
Field measurements were carried out. Ninety (90) soil samples
were obtained and boreholes were dug. The boreholes ranged
between 4.65 and 26 m.
 Thirty seven (37) boreholes were carried out along branch 4
(from km 19.514 to km 30.25).
 Four (4) boreholes were carried out (at km25.00) on branch 1.
 Four (4) boreholes (at km 21.00) on branch 2 and another
four (4) boreholes at km 26.00 on branch 2 were undertaken.T
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.55. Laboratory examination and results
The samples were examined in the laboratory. Also, sieve anal-
ysis and hydrometer analysis were carried out. The free swell-
ing, Atterberg Limits, speciﬁc gravity and water content were
determined according to Egyptian code. It also tabulated.
Table 1 summarizes the results of the laboratory examinations.
To achieve the main objective of the current research of
estimating the swell potential and pressure empirical correla-
tions are developed that use simple index tests involving Atter-
berg Limits, clay content and free swelling. These correlations
save much effort, money and time compared to more sophisti-
cate, expensive and extensive laboratory tests that would have
been needed. The values of the swelling pressure (3–22.6) kg/
cm2 based on the empirical formulas developed in this research
using the results of simple laboratory tests are shown to be in
good agreement with the measured values (4.0–24) kg/cm2 pre-
sented in Table 1.
428 M. Labib, A. Nashed6. Pilot gis geo-database
Based on the results obtained from laboratory tests and geo-
technical site investigations executed for Branch 4 in ToshkaFigure 3 Location of t
Figure 4 Display ofregion, a pilot GIS geo-database was designed to include the
geotechnical and mechanical properties of ﬁfty three (53)
soil samples obtained from this region. These properties
were stored in the geo-database as shown in Table 2. Thehe collected samples.
Atterberg limits.
Figure 5 Soil composition.
Figure 6 Properties of selected sample.
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Figure 7 Relation between free swelling and activity.
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Figure 8 Relation between swelling pressure (P) and free swelling (F).
Figure 9 Relation between swelling pressure and free swelling.
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These data are retrievable and can be easily reviewed and
updated periodically in light of any future variations or
observations.7. Producing GIS maps
In order to visualize the soil properties of the collected sam-
ples, GIS layouts were generated to display the chosen proper-
ties. As an example, the Atterberg limits are given in Fig. 4 and
the soil formations are given in Fig. 5. These layouts relate the
soil properties of the samples to their geographic locations
along Branch 4 of Sheikh Zayed Canal. Moreover, the Geo-
graphic Information System (GIS), tailor-designed in this re-
search provides a tool to select a particular soil sample and
retrieve all its properties, as shown in Fig. 6. Accordingly,
numerous tasks can be handled using the developed system
depending on the purpose of information needed and the
scenario under evaluation.8. Results
GIS can be used effectively in order to visualize and analyze
the results of the experimental studies and site investigations
carried out in areas having high swelling potential to prevent
the occurrences of possible problems and take appropriate
design precautions before construction of any new project in
these areas. Furthermore, this system allows updating the
existing data easily to reﬂect new changes/modiﬁcations to
the initial conditions.Figure 10 Swelling8.1. Establishing empirical formulas
Based on the obtained results, the relation between the free
swelling (F) and the activity (A) was plotted and empirical for-
mulas were established. Fig. 7 shows this relation, and the pro-
duced formula was as follows.
For activity that ranged between 0.3 and 0.81
A ¼ 0:0798X0:4229 ð13Þ
A ¼ 0:0798F0:4229 ð14Þ
For activity that ranged between 0.81 and 1.5
Y ¼ 0:2783X0:0:288 ð15Þ
A ¼ 0:2783F0:288 ð16Þ
The relation between the swelling pressure (P) and free
swelling (F) was plotted in Fig. 8 and empirical formulas were
established, as follows:
Y ¼ 0:1266X ð17Þ
P ¼ 0:1266F ð18Þ
Substituting (21) in (17) and (19), the following equations
are found:
For activity that ranged between 0.3 and 0.8
P ¼ 0:1266ð12:5AÞ2:36 ð19Þ
For activity that ranged between 0.81 and 1.5
P ¼ 0:1266ð3:6AÞ3:47 ð20Þpressure values.
432 M. Labib, A. NashedThe accuracy of the results are given by the values of R2
which are 0.52 and 0.65. They are too low values and should
not be less than 0.9. This means that the swelling potentials
of the clay at the same site are variable and more investigations
are required.
A comparison between the behavior of argillaceous soils
made by Sorochan [36] and swelling clay in Toshka which
was investigated by the author is presented in Fig. 9. In both
cases a linear relation between swelling pressure and free swell-
ing is introduced.
Upon recording the values of the swelling pressure of the soil
samples using Eqs. (20) and (21), an integrated layout was devel-
oped illustrating the spatial location of the actual ranges of
swelling pressure in the study area. This is given in Fig. 10.8.2. Validating the established formulas
In order to validate the established equations, the swelling
pressure was computed using the established formulas. The re-
sults were compared to real measurements. From the compar-
ison, it was clear that the results of the equations were in good
agreement with the measurements.9. Conclusions
Based on the results obtained from the present study, the fol-
lowing conclusions were established:
 The tailored GIS system provides the processes of retriev-
ing, visualizing, and updating large amounts of information
associated with each soil sample and combines them with its
spatial location in a clear organized form. This can be exe-
cuted in an efﬁcient and time saving way.
 The tailored GIS system, used in this study, provides deci-
sion makers with a quick, relevant and integrated tool for
judging accurately and rapidly the soil properties and its
activity for a particular site.
 The GIS enables evaluating numerous soil properties–
dependant scenarios easily and quickly in order to keep
pace with the expansion development of the national pro-
jects in Toshka region.
 The here established empirical equations could predict the
swelling behavior of the expansive soil in Toshka region
with reasonable accuracy. The values of the swelling pres-
sure obtained from the empirical formulas are in good
agreement with the measured values.
 The application of the proposed equations in practice is
simple as they are based on parameters which could be
determined from routine geotechnical site investigation tests
namely: plasticity index and clay content.
 The developed correlations save much effort, money and
time compared to the more sophisticated, expensive and
extensive laboratory tests that would have been needed.
 The values of swelling pressure based on the empirical for-
mulas developed in this research introduce meaningful
results for the assessment of the behavior of swelling clay
and are in good agreement with the experimental results.
 More investigations and studies are required to obtain more
accurate results.References
[1] Abouleid AF, Reyad MM. Study of the behavior of isolated
footing on expansive soils. In: Eleventh int. conf. on soil mechanics
and foundation engineering, San Fransisco; 1985. p. 965–7.
[2] Altmeyer WT. Discussion of engineering properties of expansive
clays. In: Proceedings, American Society of Civil Engineers, vol.
81, Separate No. 658; March 1955. p 218–34.
[3] Chen FH. Foundations on expansive soils. Amsterdam – Oxford –
New York: Elsevier Scientiﬁc Publishing Company; 1975.
[4] Chen FH. Foundations on expansive soils. Amsterdam – Oxford –
New York: Elsevier Scientiﬁc Publishing Company; 1988.
[5] Chung J-W.GIS-based virtual geotechnical database for the St. Louis
metro area. Environ Eng Geosci 2010;16(2):143–62 [May 2012].
[6] Cokca E. Swelling potential of expansive soils with a critical
appraisal of the identiﬁcation of swelling of Ankara soils by
methylene blue tests. Ph.D. Thesis Middle East Technical
University, Civil Engineering Department; 1991. 325 p.
[7] Donaldson GW. The occurrence of problems of heave and the
factors affecting its nature. In: Proceedings of the 2nd interna-
tional research and engineering conference on expansive clay soils,
College Station, TX; 1969. p. 25–36.
[8] El-Nahhas F, Awad T, Abol-El Moahy N. Prediction of heave
movements of ground heave due to swelling of multi-layered soil
deposits. In: Eight int. coll. on structural and geotechnical
engineering; 1998. p. 398–409.
[9] Holtz WG, Gibbs HJ. Engineering properties of expansive clays.
Trans ASCE 1956;121:641–77.
[10] Holtz WG. Expansive clay-properties and problems, vol. 54(4).
Colorado School of Mines Quarterly; 1959.
[11] Jennings JE. A comparison between laboratory prediction and
ﬁeld observation of heave of buildings on desiccated subsoils. In:
Proceedings, ﬁfth international conference on soil mechanics and
foundation engineering, Paris, vol. 1; 1961. p 689–92.
[12] Kacker KP, Gupta DP. Prediction of swelling potential and
compression index of soils by dye absorption. J Indian Soc Soil Sci
1966;14(3):151–9.
[13] Katti RK. Search for solutions to problems in black cotton soils.
First IGS annual lecture. Indian Geotech J 1979;9:1–80.
[14] Knott RA, Vispi MA, Farrell WJ. Material property investigation
for project middle gust, Events IV and V; subsurface exploration
and laboratory test results. Technical report S-73-11, report 1, US
Army Engineering Waterways Experiment Station; October 1973.
[15] Komornic A, David D. Prediction of swelling pressure of clays. J
ASCE, Soil Mech Found Div 1969:209–25, SM No. 1.
[16] Korte BG. The GIS book. Thomson Learning: On Word Press;
2001.
[17] Ladd CC. Mechanism of swelling by compacted clay. Bull.
Highway Res. Board No. 245; 1960. p. 10–26.
[18] Lucian C. Geotechnical aspects of building on expansive soils in
Kibaha, Tanzania. Doctoral thesis for the partial fulﬁllment of
doctor degree, Royal Institute of Technology, Stickholm, Sweden;
2008.
[20] Nalezny CL, Li Mo Co. Effect of soil structure and thixotropic
hardening on the swelling behavior of compacted clay soils. High
way Res. Rec. No. 209; 1967. p. 1–20.
[21] Nayak NV, Christensen RW. Swelling characteristics of com-
pacted, expansive soil. Clay Clay Miner 1971;19(4):251–61, 1974.
[22] Novais-Feerreira H, Horta da Silva JA. Luanda expansive clays
and laboratory appreciation criteria. In: Proceedings, third
international research and engineering conference on expansive
clay soils, Haifai, Israel, August 1973. P. 53–9.
[23] Petry TM,LittleDN.Review of stabilization of clays and expansive
soils in pavements and lightly loaded structures history, practice
and future. Journal of Materials in Civil Engineering Conference
on Expansive Clay Soils, ASCE, 14, No. 6; 2002. p. 447–60.
GIS and geotechnical mapping of expansive soilin Toshka region 433[24] Pidgeon JT. Prediction of differential heave for design of
foundations in expansive soil areas. In: 9th African regional
conference on soil mechanics and foundation engineering, Lagos,
Nigeria; 1987.
[25] Pradhan B, Youssef AM. Manifestation of remote sensing data
and GIS for landslide hazard analysis using spatial-based statis-
tical models. Arab J Geosci 2010;3(3):319–26.
[26] Pradhan B. Application of an advanced fuzzy logic model for
landslide susceptibility analysis. Int J Comput Intell Syst 2010;3(3):
370–81.
[27] Pradhan B. Landslide susceptibility mapping of a catchment area
using frequency ratio, fuzzy logic and multivariate logistic regres-
sion approaches. J Indian Soc Remote Sens 2010;38(2):301–20.
[28] Ranganatham BV, Satyanarayan B. A rational method of
predicting swelling potential for compacted expansive clays. In:
Proc. 6th Inter. Conf. Soil Mechanics Foundation Engng. vol. 1;
1965. p. 92–6.
[29] Ravina I. Swelling of clays, mineralogical composition, and
microstructure. In: Proceedings, third international research and
engineering conference on expansive clay soils, Haiﬁ, Israel;
August 1973. P. 61–3.
[30] Rich CI, Kunze GW, editors. Soil clay mineralogy. Raleigh:
University North Carolina Press; 1964.
[31] Rosen JB. GIS of geotechnical decision making: Visualization of
cut-off wall construction data. Geotechnical Special Publication, n
211GSP,Geo-Frontiers 2011: advances in geotechnical engineering
– proceeding of the geo-frontiers 2011 conference; 2011. p. 2907–16.
[32] Sankoran KS, Venkateshwar, Rao. A microscopic model of
expansive clay. In: Proceedings, third international research
conference; 1974.
[33] Seed HB, Woodward RJ, Lundgren R. Prediction of swelling
potential for compacted clays. J. ASCE, Soil Mech Found Div
1962;88(SM-3, Part 1):53–87.
[34] Snethen DR. An evaluation of methodology for predicting and
minimization of detrimental volume change of expansive soils in
highway subgrades, Federal Highway Administration. Washing-
ton, DC, report no. F HWA-RD-79-49; 1979.[35] Snethen DR, Townsend FC, Johnson LC, Patrick DM, Vedros
PJ. A review of engineering experiences with expansive soil in
highway subgrades. US Army Engineering Waterways Experi-
ments Station. June 1975, interim report; 1975.
[36] Sorochan EA. Construction of buildings on expansive soil. AA
Balkema; 1991, p. 272–95.
[37] Sowers GF, Kennedy CM. High volume change clays of south-
eastern coastal plain. In: Proc. 3rd pan. am. conf. soil mechanics
foundation engng. Carcas, Venezuela; 1967. p. 99–120.
[38] Sun C-G. Methodical assessment of geotechnical characteristics
related to earthquake motion in a small urban area using a GIS-
based tool. In: Recent advances in urban planning, cultural
sustainability and green dev. – international conference on urban
sustainability, cultural sustainability, green dev. green structures
and clean cars, USCUDAR; 2010. p. 31–7.
[39] Sun C-G. Applications of GIS-based geotechnical tool to assess
spatial earthquake hazards in an urban area. Environ Earth Sci
2012;65(7):1987–2001.
[40] Turkoz M, Tosun H. The use of methylene blue test for predicting
swell parameters of natural clay soils. J Sci Res Essays
2011;6(8):1780–92.
[41] Turkoz M, Tosun H. A GIS model for preliminary hazard
assessment of swelling clays, a case studdy in Harran Plain (SE
Turkey). J Environ Earth Sci 2011;63:1343–53.
[42] Vijayvergiya VN, Ghazzaly OI. Prediction of swelling potential
for natural clays. In: 3rd International conference on expansive
soils, Haifa; 1973. p. 227–39.
[43] Vu HQ, Fredlund DG. The prediction of one, two, and
three-dimensional heave in expansive soils. Can Geotechn J
2004;41(4):713–37.
Further reading
[19] Melek RI. A Practical approach to assess lateral swelling
behaviour of expansive soil. M.Sc. thesis, Minia University,
Minia, Egypt; 2000.
